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http://dx
DObjective: To predict acute kidney injury after cardiac surgery.
Methods: The study included 28,422 cardiac surgery patientswho had had no preoperative renal dialysis from June
2001 to June 2009 in 18 hospitals. Logistic regression analyses were undertaken to identify the best combination of
risk factors for predicting acute kidney injury. Twomodels were developed, one including the preoperative risk fac-
tors and another including the pre-, peri-, and early postoperative risk factors. The area under the receiver operating
characteristic curve was calculated, using split-sample internal validation, to assess model discrimination.
Results: The incidence of acute kidney injury was 5.8% (1642 patients). The mortality for patients who expe-
rienced acute kidney injury was 17.4% versus 1.6% for patients who did not. On validation, the area under the
curve for the preoperative model was 0.77, and the Hosmer-Lemeshow goodness-of-fit P value was .06. For the
postoperative model area under the curve was 0.81 and the Hosmer-Lemeshow P value was .6. Both models had
good discrimination and acceptable calibration.
Conclusions:Acute kidney injury after cardiac surgery can be predicted using preoperative risk factors alone or,
with greater accuracy, using pre-, peri-, and early postoperative risk factors. The ability to identify high-risk
individuals can be useful in preoperative patient management and for recruitment of appropriate patients to
clinical trials. Prediction in the early stages of postoperative care can guide subsequent intensive care of
patients and could also be the basis of a retrospective performance audit tool. (J Thorac Cardiovasc Surg
2014;147:1875-83)A
CSupplemental material is available online.
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Postoperative renal dysfunction, also known as acute kid-
ney injury (AKI), is a recognized and serious complication
of cardiac surgery that increases in-hospital mortality,
morbidity, length of stay, and hospital costs after surgery.1
Identifying patients who are at high risk of developing
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The Journal of Thoracic and Cartreatment decisions and support more informed patient
education processes.
The incidence of AKI has varied, depending on the defi-
nition used, the postoperative period of the studies, and the
specific population studied. Hence, it has been difficult to
compare the results of published studies. Nevertheless, the
incidence of postoperative AKI appears to range from 1%
to 30%, with in-hospital mortality varying from 14% to
60%.2-4 Postoperative renal replacement therapies (RRTs)
are required for approximately 1% to 5% of cardiac
surgery patients,5 with in-hospital mortality rates reportedly
up to 70% in these patients.2,4
Several risk factors for postoperative AKI have been
identified, including diabetes mellitus, congestive heart fail-
ure, intra-aortic balloon pump (IABP) use, preoperative
serum creatinine, age, left main coronary stenosis, periph-
eral vascular disease, and cardiopulmonary bypass dura-
tion.3,5-7 Other possible risk factors for which the evidence
has been less consistent include female gender, chronic
obstructive pulmonary disease, infective endocarditis,
emergent surgery, and crossclamp time.2-4,6-10 Although
some risk prediction tools have been proposed, they have
included different combinations of risk factors, and a
recent review found an absence of general agreement on
the use of prediction models for AKI after cardiac
surgery.11 Indeed, they concluded that additional studies
are required to predict milder AKI not requiring dialysis.
From 2001, the Australian and New Zealand Society
of Cardiac and Thoracic Surgeons (ANZSCTS) registry ofdiovascular Surgery c Volume 147, Number 6 1875
Abbreviations and Acronyms
AKI ¼ acute kidney injury
ANZSCTS ¼ Australian and New Zealand Society
of Cardiac and Thoracic Surgeons
AUC ¼ area under the receiver operating
characteristic curve
BIC ¼ Bayesian information criteria
HL-P ¼ Hosmer-Lemeshow P value
IABP ¼ intra-aortic balloon pump
MSE ¼ mean square error
NYHA ¼ New York Heart Association
RBC ¼ red blood cell
RRT ¼ renal replacement therapy
Acquired Cardiovascular Disease Ng et al
A
C
Dcardiac surgical procedures has collected outcomes,
including complications after cardiac surgery, and collecting
extensive patient, clinical, and surgical information.12 The
aim of the present study was to use the ANZSCTS registry
to identify the best combination of patient and surgical risk
factors for predicting AKI as defined by either RRTor a sub-
stantially increased serum creatinine after cardiac surgery.METHODS
Study Population
The ANZSCTS registry recorded data for 32,279 patients who had un-
dergone cardiac surgery from 2001 to 2009 in 18 hospitals in Australia. The
patient demographics and clinical and surgery variables were collected by
the registry.12 From the existing data and the data availability in the regis-
try, 38 pre-, peri-, and early postoperative variables potentially related to
the development of AKI were chosen for consideration and are listed in
Table 1. The early postoperative variables were those for which the value
would typically be known within 24 hours of surgery.
The potential risk factors, New York Heart Association (NYHA) class
(2713 missing) and number of red blood cell (RBC) units (4241 missing),
were not considered owing to the number of missing values. However, the
use of RBCs (yes vs no) was considered.
Patients requiring preoperative renal dialysis (n ¼ 521) and those with
missing data for postoperative renal function (n ¼ 86) and any of the vari-
ables listed in Table 1 (n¼ 3250) were excluded. The data from the remain-
ing 28,422 patients were used in the statistical analysis.
Three published models for predicting AKI13-15 were applied to the
ANZSCTS registry data, and their performance was measured using the
area under the receiver operating characteristic curve (AUC). Some
variables in thesemodels had different definitions in theANZSCTS registry.
The present research project was undertaken after approval from the
ANZSCTS Research Committee, which governs access to data from the
registry. Ethical approval for the use of de-identified registry data for sec-
ondary research purposes, such as our project, had previously been pro-
vided by each participating institution’s ethics review committee.
Outcome Definition
Development of AKI was defined by at least 2 of the following mea-
sures within 30 days after surgery: (1) increased serum creatinine to
greater than 200 mmol/L (2.26 mg/dL), (2) a doubling or greater increase
in serum creatinine over the preoperative value, and (3) a new requirement
for RRT.1876 The Journal of Thoracic and Cardiovascular SurStatistical Analysis
First, the data set was randomly divided in 2, forming a model creation
data set (n¼ 17,095, 60% of total patients) and a model validation data set
(n ¼ 11,327). Next, 1000 bootstrap16 samples (each 17,095 in size) were
selected, with replacement from the model creation data set, and a logistic
regression model for AKI incorporating all variables under consideration
was applied to each of the 1000 samples. The number of times each candi-
date variable was significant (P  .05) in the 1000 models was recorded.
The first candidate model included the risk factors significant in all 1000
bootstrap samples. Next, a sequence of other candidate models, each with 1
variable more than the previous, were identified as the remaining variables
were added to the model in rank order according to the number of times
they were significant in the 1000 bootstrap samples.
Using the creation data set, the AUC,17 Bayesian information criteria
(BIC),17 Hosmer-Lemeshow P value (HL-P),17 and predictionmean square
error (MSE)17 were calculated for each of the candidate models. These 4
criteria were used to select a final model (the percentage of bootstrap sam-
ples in which an association was significant was not used for this purpose).
The prediction performance of the selected model was assessed by
calculating the AUC, HL-P, and MSE using the validation data set. Finally,
point scores proportional to the regression coefficient were assigned to the
risk factors included in the final model. Next, for each patient, a risk score
was calculated, and the average predicted risks for the different groups of
patients are reported.
The statistical software package Stata, version 11 (StataCorp, College
Station, Tex), was used for the present analysis.
RESULTS
A total of 32,279 cardiac operations were performed dur-
ing the 8-year study period. The prevalence of AKI in the
3250 patients who were excluded because of missing data
for pre-, peri-, and early postoperative variables was 5.8%
(n ¼ 189), not different from that for the included patients.
In the 28,422 included patients, the mean age was 66 years,
and 27% were women. AKI occurred in 1642 patients
(5.8%), and the 30-day mortality rate for patients who
developed AKI was 17.4% (compared with 1.6% for
patients without AKI). Table 1 includes an additional
description of the pre-, peri-, and early postoperative char-
acteristics for patients with and without AKI. From the
data listed in Table 1, it can be seen that patients who devel-
oped postoperative AKI were slightly older and more often
had diabetes, hypertension, peripheral vascular disease, res-
piratory disease, infective endocarditis, and previous
myocardial infarction. More patients with postoperative
AKI had congestive heart failure, arrhythmia, cardiogenic
shock, the need for resuscitation and the use of inotropes
on the day of surgery, or had undergone a previous cardio-
thoracic intervention (surgical or percutaneous). The bypass
and crossclamp times were longer on the average in the
group that developed AKI. IABP use and the use of RBCs
were also more common in that group (Table 1).
All variables from the 3 published models,13-15 except for
ejection fraction, race, and NYHA class, were among the
variables considered for inclusion in the models we
developed, although some variables had slightly different
definitions. The ejection fraction was missing for 72% of
the ANZSCTS patients. Two methods were used togery c June 2014
TABLE 1. Demographic patient characteristics and pre-, peri-, and
early postoperative data stratified by development of postoperative
AKI
Variable
No AKI
(n ¼ 26,780)
AKI
(n¼1642)
Patient characteristics
Men 72.6 71.6
Age (y) 66  12 69  13
Obesity (BMI>30 kg/m2) 30.2 33.1
Diabetes 27.4 36.5
Infective endocarditis 1.6 5.7
Smoking history 63.1 61.1
Current smoker 13.1 9.2
Cardiac surgery procedure type
Isolated CABG 64.4 42.3
Valve surgery only 13.6 15.7
Valve and CABG 10.2 17.7
Other* 11.8 24.3
Preoperative serum creatinine level
(mmol/L)
 69 9.7 3.6
70-100 63.7 41.8
101-120 14.4 19.2
121-150 6.9 17.4
>150 5.3 18.0
Urgency status
Elective 63.4 51.4
Urgent 32.4 34.2
Emergency 3.8 12.4
Salvage 0.3 2.1
eGFR (mL/min/1.73 m2)y
<30 3.9 11.4
30-60 25.5 44.4
60-90 37.4 28.4
90 33.2 15.8
Congestive heart failure 24.9 46.3
Cardiogenic shock 1.7 9.6
Respiratory disease 13.4 19.6
Arrhythmia 14.0 26.9
Hypercholesterolemia 70.2 65.3
Previous MI 41.7 45.5
Hypertension 71.3 76.7
Cardiac catheterization (angiogram or
pressure study)
94.3 88.9
Number of diseased coronary vessels
0 20.1 28.9
1 7.6 8.6
2 19.0 15.0
3 53.3 47.4
Left ventricular ejection fraction estimate
Normal (>60%) 51.5 40.9
Mild impairment (46%-60%) 28.3 26.0
Moderate (30%-45%) 14.6 18.8
Severe (<30%) 5.6 14.3
Reoperative surgery 7.8 14.6
Peripheral vascular disease 10.8 16.8
CCS class
(Continued)
TABLE 1. Continued
Variable
No AKI
(n ¼ 26,780)
AKI
(n¼1642)
No angina symptoms 26.8 34.5
Ordinary physical activity 9.4 9.3
Slight limitation of ordinary activity 25.7 18.9
Marked limitation of ordinary physical
activity
21.3 18.4
Inability to perform any physical
activity without discomfort
16.8 18.9
IABP use preoperatively 2.8 8.2
Previous cardiothoracic intervention
(surgical or percutaneous)
17.9 24.1
Critical preoperative statez 2.9 12.5
Use of inotropes on day of surgery 1.9 9.6
Need for resuscitation (within 1 h
preoperatively)
0.7 3.8
Left main coronary stenosis 18.2 17.5
Immunosuppressive treatment 2.1 3.5
Peri- and early postoperative characteristics
Use of RBCs intra- or postoperatively 40.6 77.0
Reoperation for bleeding 2.8 11.3
Non-RBC products transfused intra- or
postoperatively
23.7 52.0
IABP use intra- or postoperatively 2.1 12.3
Bypass time>180 min 7.5 24.0
Crossclamp time (min)
<60 32.1 23.5
60-120 54.8 49.5
>120 13.1 27.0
Off-pump surgery 5.1 2.9
Data presented as percentages or mean  standard deviation. AKI, Acute kidney
injury; BMI, body mass index; CABG, isolated coronary artery bypass grafting;
eGFR, estimated glomerular filtration rate;MI, myocardial infarction;CCS, Canadian
Cardiovascular Society (classification of angina); IABP, intra-aortic balloon pump;
RBC, red blood cell. *Included aortic procedure, atrial arrhythmia surgery, correction
of atrial septal defect, cardiac transplant, left ventricular aneurysm, cardiac tumor,
pericardiectomy, left ventricular outflow tract myectomy for left ventricular outflow
tract, correction of acquired ventricular septal defect, left ventricular reconstruction,
cardiac trauma, left ventricle rupture repair, pulmonary thromboendarterectomy,
other cardiac surgery, other noncardiac surgery, other congenital problems. yeGFR
calculated using the Cockroft-Gault formula: for men: weight (kg) 3 (140  age
[y])/(72 3 serum creatinine [mg/dL]); for women: weight (kg) 3 (140  age
[y]) 3 0.85/(72 3 serum creatinine [mg/dL]). zIncluded cardiogenic shock, need
for resuscitation, and use of inotropes on day of surgery.
Ng et al Acquired Cardiovascular Disease
The Journal of Thoracic and Car
A
C
Dmanage this variable. First, we restricted the analysis to
those patients with complete data, and, second, we used
an ejection fraction estimate, with selection of the closest
cutoff to that used for the ejection fraction in each model.
After restriction to those 2679 patients in the validation
data set with complete data for all risk factors in the 3
models, an AUC of 0.61, 0.75, and 0.75 was found for the
models reported byMehta et al,14 Thakar et al,13 andWijey-
sundera et al,15 respectively. The results when using the
ejection fraction estimate (n ¼ 9620) were similar to these
results (corresponding AUC of 0.67, 0.74, and 0.74). For the
model by Mehta et al,14 all patients were assumed to be in
the respective reference categories for NYHA class anddiovascular Surgery c Volume 147, Number 6 1877
TABLE 2. Percentage of times each candidate variable was selected in 1000 bootstrap samples drawn from model creation data set
Preoperative risk factor Pre-, peri-, early postoperative risk factor
Obesity 100 Obesity 100
Infective endocarditis 100 Preoperative creatinine level 100
Cardiac surgery procedure type 100 Diabetes 100
Preoperative creatinine level 100 IABP use pre-, peri-, or postoperatively 100
Diabetes 99.9 Infective endocarditis 99.7
Urgency status 97.8 Bypass time 98.8
Estimated glomerular filtration rate 97.5 Cardiogenic shock 97.1
Congestive heart failure 95.1 Non-RBC blood products transfused intra- or postoperatively 96.0
Age (per 10 y) 94.7 Gender 94.1
Cardiogenic shock 91.3 Reoperation for bleeding 95.6
Gender 81.2 Age (per 10 y) 92.2
Respiratory disease 76.9 Estimated glomerular filtration rate 88.3
Arrhythmia 73.0 Urgency status 84.2
Hypercholesterolemia 71.2 Hypercholesterolemia 81.8
Previous MI 61.4 Hypertension 78.7
Hypertension 59.9 Cardiac surgery procedure type 77.9
Cardiac catheterization (angiogram or pressure study) 57.8 Respiratory disease 71.2
Number of diseased coronary vessels 54.9 Arrhythmia 62.7
Ejection fraction estimate 51.5 Cardiac catheterization (angiogram or pressure study) 62.6
Reoperative surgery 27.7 Congestive heart failure 59.8
Peripheral vascular disease 26.0 Number of diseased coronary vessels 59.1
CCS class 23.3 Previous MI 54.2
IABP use preoperatively 16.0 Peripheral vascular disease 32.5
Previous cardiothoracic intervention (surgical or percutaneous) 13.4 Critical preoperative state* 24.1
Current smoker 12.8 CCS class 15.6
Critical preoperative state* 12.2 Use of RBCs intra- or postoperatively 13.6
Use of inotropes on day of surgery 11.2 Need for resuscitation (within 1 h preoperatively) 8.0
Need for resuscitation (within 1 h preoperatively) 6.8 Crossclamp time 7.9
Left main coronary stenosis 6.8 Previous cardiothoracic intervention (surgical or percutaneous) 7.7
Immunosuppressive treatment 5.2 Ejection fraction estimate 7.0
Smoking history 4.7 Current smoker 7.0
Use of inotropes on day of surgery 7.0
Immunosuppressive treatment 6.9
Reoperative surgery 5.3
Left main coronary stenosis 4.5
Smoking history 4.3
Off-pump surgery 3.4
MI, Myocardial infarction; CCS, Canadian Cardiovascular Society (classification of angina); IABP, intra-aortic balloon pump; RBC, red blood cell. *Included cardiogenic shock,
need for resuscitation, and use of inotropes on day of surgery.
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Drace (with the reference category ‘‘white’’ for race
capturing most ANZSCTS patients).
Patients assigned to the creation and validation data set
were similar with respect to the pre-, peri-, and early post-
operative characteristics (data not shown).
Using the creation data set, a total of 31 preoperative vari-
ables were included in the logistic regression model for
postoperative AKI. The number of times each variable
was significant in the 1000 bootstrap samples is listed in
Table 2. The AUC, BIC, andMSE for each candidate model
are reported in Figure 1.
Because of the desirability of minimizing the BIC and
MSE and maximizing the AUC, the final preoperative
model selected for predicting new AKI had 10 risk factors:
obesity, infective endocarditis, cardiac surgery procedure1878 The Journal of Thoracic and Cardiovascular Surtype, preoperative creatinine level, diabetes, urgency status,
estimated glomerular filtration rate, congestive heart fail-
ure, age, and cardiogenic shock (Table 3). The regression
coefficients, odds ratios, and point scores18 for these risk
factors are reported in Table 3. These 10 risk factors were
significant in 90% or more of the bootstrap samples.
Theperformance of thefinalpreoperativemodel in thevali-
dation data set was as follows: AUC¼ 0.77, indicating good
discrimination ability, and HL-P¼ .06, showing that calibra-
tion of the preoperative model was marginally acceptable.
The total point scores for all patients in the validation
data set were divided into 3 groups: 4 to 15 points, 16 to
25 points, and 26 to 44 points. The corresponding mean pre-
dicted risk in the groups was 2%, 7%, and 25% (informa-
tion available online in Table E1).gery c June 2014
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FIGURE 1. The area under the receiver operating characteristic curve (AUC) (A), Bayesian information criteria (BIC) (B), and mean square error (MSE)
plots (C) for increasingly complex models for the prediction of acute kidney injury (AKI) using up to 31 preoperative and 37 pre-, peri-, early postoperative
risk factors in the model creation and validation data sets. Base model for preoperative model included obesity, infective endocarditis, cardiac surgery pro-
cedure type, and preoperative creatinine level identified as significant in all bootstrap samples. Base model for pre-, peri-, and early postoperative model
included obesity, preoperative creatinine level, diabetes, intra-aortic balloon pump (IABP) use pre-, peri-, and/or postoperatively identified as significant
in all bootstraps samples. MI, Myocardial infarction.
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DA total of 37 pre-, peri-, and early postoperative variables
were included in the second logistic regression modeling
process for postoperative AKI (IABP use preoperatively
was combined with peri- or postoperative use to create a
single 3-category variable for the present analysis). The re-
sults of 1000 bootstrap samples are listed in Table 2, and
Figure 1 shows the AUCs, BICs, and MSEs in the models
using the creation and validation data sets.
The final postoperative model selected for predicting
new AKI had the 17 risk factors: obesity, preoperative
creatinine level, diabetes, IABP use pre-, peri-, and/or post-
operatively, infective endocarditis, bypass time, cardio-
genic shock, non-RBC blood products transfused peri- or
postoperatively, gender, reoperation for bleeding, age, esti-
mated glomerular filtration rate, urgency status, hypercho-
lesterolemia, hypertension, cardiac surgery procedure
type, and respiratory disease (Table 4).The Journal of Thoracic and CarAll these risk factors were significant in 70% or more of
the bootstrap samples. For this final postoperative model,
the performance in the validation data set was as follows:
AUC ¼ 0.81, indicating good discrimination ability, and
HL-P ¼ .6, indicating acceptable calibration.
Using the point scores in Table 4, the total patient scores
ranged from 4 to 57. The mean predicted risk for the groups
defined by the point ranges of 4 to 15 points, 16 to 25 points,
26 to 35 points, and 36 to 57 was 1%, 3%, 9%, and 30%,
respectively (information available online in Table E1).
The 2 models were fitted to the subset of data (n ¼ 2679)
that had been used to measure the performance of the 3 pub-
lished models, and an AUC of 0.77 and 0.83 was found for
the preoperative and postoperative models, respectively.
The comparison of performance of our models and the 3
published models in the validation data set showed that the
results did not depend on exactly what subset of data thediovascular Surgery c Volume 147, Number 6 1879
TABLE 3. Patient characteristics and preoperative risk factors in a
prediction model for postoperative AKI among patients undergoing
cardiac surgery
Risk factor
Regression
coefficient*
Point
scorey OR P value
Obesity (BMI>30 kg/m2) 0.376 2 1.45 <.001
Infective endocarditis 0.987 6 2.68 <.001
Cardiac surgery procedure type
(isolated CABG, reference
group)
Valves only 0.471 3 1.60 <.001
Valves and CABG 0.668 4 1.95 <.001
Otherz 1.005 6 2.73 <.001
Preoperative serum creatinine
level (mmol/L;<70,
reference group)
70-100 0.511 3 1.67 <.001
101-120 0.899 5 2.46 <.001
121-150 1.280 8 3.60 <.001
>150 1.436 9 4.20 <.001
Diabetes 0.392 2 1.48 <.001
Urgency status (elective,
reference group)
Urgent 0.168 1 1.18 .005
Emergency 0.959 6 2.61 <.001
Salvage 1.292 8 3.64 <.001
eGFR (mL/min/1.73 m2; 90,
reference group)x
60-90 0.207 1 1.23 .02
30-60 0.534 3 1.71 <.001
<30 0.531 3 1.70 .001
Congestive heart failure 0.386 2 1.47 <.001
Age (per 10 y) 0.167 1 1.18 <.001
Cardiogenic shock 0.700 4 2.01 <.001
OR, Odds ratio; AKI, acute kidney injury; BMI, body mass index;CABG, isolated cor-
onary artery bypass grafting; eGFR, estimated glomerular filtration rate. *The inter-
cept of the multivariate model was5.865. yThe point score was obtained by a linear
transformation of the regression coefficients; the regression coefficient of each risk
factor was divided by the absolute value of the age coefficient, with the result rounded
to the nearest integer.18 zIncluded aortic procedure, atrial arrhythmia surgery, correc-
tion of atrial septal defect, cardiac transplantation, left ventricular aneurysm, cardiac
tumor, pericardiectomy, left ventricular outflow tract myectomy for left ventricular
outflow tract, correction of acquired ventricular septal defect, left ventricular
reconstruction, cardiac trauma, left ventricle rupture repair, pulmonary thromboen-
darterectomy, other cardiac surgery, other noncardiac surgery, other congenital com-
plications. xeGFR calculated using the Cockroft-Gault formula: for men: weight
(kg) 3 (140  age [y])/(72 3 serum creatinine [mg/dL]); for women: weight
(kg) 3 (140  age [y]) 3 0.85/(72 3 serum creatinine [mg/dL]).
Acquired Cardiovascular Disease Ng et al
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Danalysis was restricted to and how exactly the risk factors
were defined.
DISCUSSION
As more and more patients undergo cardiac surgery, and
these patients become older and have more comorbidities,
AKI has been increasing as a common postoperative
complication. The focus of some studies has been on the
management and prognosis of these patients. These patients
often require early and intensive dialysis therapy and have1880 The Journal of Thoracic and Cardiovascular Surhad a high mortality rate,19 as illustrated by the 10-fold in-
crease in crude mortality seen in our population.
Because more studies have been called for to develop and
validate scores to predict milder AKI than solely as defined
by the need for RRT after cardiac surgery,11 our aim was to
identify the best combination of pre-, peri-, and early post-
operative risk factors for AKI, defined as need for RRT or
both a doubling of the serum creatinine from the preopera-
tive level and a postoperative creatinine reaching a level
greater than 200 mmol/L (2.26 mg/dL). Furthermore, the
present study is one of the largest published series of pa-
tients, included all groups undergoing cardiac surgery, and
is the first study investigating the risk factors for developing
AKI after cardiac surgery in Australian patients. The pre-
sent results have concurred with some of the previous re-
ports showing that the incidence of AKI increases with
patient-related risk factors such as diabetes and obesity
and procedure-related risk factors such as RBC
transfusion.2,3,7,20
Although the requirement for RRT has been recognized
as a serious complication, mild impairment of renal func-
tion is often regarded as a ‘‘benign’’ event. However, it
has been found that even a minimal increase in the serum
creatinine postoperatively is associated with a nearly three-
fold increase in 30-day mortality, with a larger elevation of
0.5 mg/dL (44 mmol/L) or more associated with more than
18-fold increase in 30-day mortality.21 A more recent
study20 that analyzed the relationship among 3 thresholds
of AKI (>25%,>50%, and>75% decrease in the esti-
mated glomerular filtration rate) and 7-day postoperative
mortality, found 4-, 7-, and 10-fold increases in the odds
of death, respectively.
Using multivariate analysis of the putative risk factors for
the development of AKI after cardiac surgery, we have iden-
tified greater preoperative serum creatinine levels as a
strong factor. These results are in accordance with those
previously reported by others,6 in which an elevated preop-
erative serum creatinine has consistently been shown to be a
significant independent risk factor for the development of
AKI.1-4,6-10,20,21
The effects of IABP use and the use of RBCs contributing
to renal dysfunction have been controversial. Our study
adds to the evidence that IABP use, the use of RBCs, and
non-RBC transfusion as early postoperative risk factors
could be detrimental in developing AKI3,4,7,20 These
variables are considered as markers of poor hemodynamic
and renal perfusion status, which could be causative
factors.4 Theoretically, the use of RBCs should increase tis-
sue oxygenation and thus improve kidney function. Howev-
er, studies with conflicting results have been published
regarding the efficacy of using RBCs that have been stored
for a period, because evidence has shown that the quality of
the RBCs can deteriorate with storage, leading to morpho-
logic changes that can impair tissue oxygen delivery.7,22gery c June 2014
TABLE 4. Patient characteristics and pre-, peri-, and early postoperative risk factors in a prediction model for postoperative AKI among patients
undergoing cardiac surgery
Risk factor Regression coefficients* Point scoresy OR P value
Obesity (BMI>30 kg/m2) 0.518 4 1.68 <.001
Preoperative serum creatinine level (mmol/L;<70, reference group)
70-100 0.545 4 1.72 <.001
101-120 0.860 6 2.36 <.001
121-150 1.232 9 3.43 <.001
>150 1.312 9 3.71 <.001
Diabetes 0.386 3 1.47 <.001
IABP use (no IABP, reference group)
IABP use preoperatively 0.293 2 1.34 .02
IABP use peri- or postoperatively 1.089 8 2.97 <.001
Infective endocarditis 0.811 6 2.25 <.001
Bypass time>180 min 0.484 3 1.62 <.001
Cardiogenic shock 0.587 4 1.80 <.001
Non-RBC products transfused 0.345 2 1.41 <.001
Gender 0.204 1 1.23 .004
RBCs transfused intra- and/or postoperatively (operative reintervention required
for bleeding/tamponade; no RBC and no reoperation, reference group)
RBC and no reoperation 0.936 7 2.55 <.001
Reoperation 1.535 11 4.64 <.001
Age (per 10 y) 0.139 1 1.15 <.001
eGFR (mL/min/1.73 m2; 90, reference group)z
60-90 0.560 2 1.75 .003
30-60 0.483 3 1.62 <.001
<30 0.168 1 1.18 .1
Urgency status (elective, reference group)
Urgent 0.014 0 1.01 .8
Emergency 0.555 4 1.74 <.001
Salvage 0.701 5 2.02 .007
Hypercholesterolemia 0.184 1 0.83 .004
Hypertension 0.227 2 1.25 .001
Cardiac surgery procedure type (isolated CABG, reference group)
Valves only 0.451 3 1.57 <.001
Valves and CABG 0.320 2 1.38 <.001
Otherx 0.700 5 2.01 <.001
Respiratory disease 0.265 2 1.30 <.001
AKI, Acute kidney injury; BMI, body mass index; CABG, isolated coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; IABP, intra-aortic balloon pump;
RBC, red blood cell;OR, odds ratio. *The intercept of the multivariate model was6.467. yThe point score was obtained by a linear transformation of the regression coefficients;
the beta coefficient of each risk factor was divided by the absolute value of the age coefficient, with the result rounded to the nearest integer.18 zIncluded aortic procedure, atrial
arrhythmia surgery, correction of atrial septal defect, cardiac transplantation, left ventricular aneurysm, cardiac tumor, pericardiectomy, left ventricular outflow tract myectomy
for left ventricular outflow tract, correction of acquired ventricular septal defect, left ventricular reconstruction, cardiac trauma, left ventricle rupture repair, pulmonary throm-
boendarterectomy, other cardiac surgery, other noncardiac surgery, other congenital complications. xeGFR calculated using the Cockroft-Gault formula: for men: weight
(kg) 3 (140  age [y])/(72 3 serum creatinine [mg/dL]); for women: weight (kg) 3 (140  age [y]) 3 0.85/(72 3 serum creatinine [mg/dL]).
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nary artery bypass grafting and/or valve procedures, our
study showed infective endocarditis to be a significant
risk factor. To our knowledge, this has only been previously
described by Provenchere et al,9 although some other
studies have identified it as a risk factor in patients undergo-
ing coronary surgery. A number of mechanisms for renal
dysfunction have been suggested in this group of patients,
including immune complex-mediated glomerulonephritis,
nephrotoxicity from antibiotic regimens, renal artery embo-
lism, and hemodynamic disturbance.23,24The Journal of Thoracic and CarFew studies have included obesity or an increased body
mass index in their analyses. Of those that did, Chertow
et al25 concluded that obesity was unrelated to the risk of
developing AKI, and Van Straten et al7 found that patients
with a body mass index greater than 35 kg/m2 might have
increased risk. Billings et al26 provided a more recent and
targeted study and found that obesity independently pre-
dicts AKI after cardiac surgery, which our results support.
The exact mechanism and effect of obesity on postoperative
AKI is not clear; however, increased oxidative stress from
obesity has been suggested.26diovascular Surgery c Volume 147, Number 6 1881
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DAn existing 10-variable preoperative model for AKI
requiring dialysis after open heart surgery13 includes
gender, history of congestive heart failure, severe left ven-
tricular dysfunction (ejection fraction<35%), preoperative
use of IABP, history of chronic obstructive pulmonary dis-
ease requiring medical therapy, diabetes mellitus, previous
open heart surgery, emergency surgery, type of cardiac sur-
gery, and preoperative serum creatinine. That model’s per-
formance decreased from an AUC of 0.82 at development
to an AUC of 0.75 for the ANZSCTS patients.
In a 7-variable preoperative model for RRT after cardiac
surgery,15 the preoperative estimated glomerular filtration
rate, diabetes mellitus requiring medication, left ventricular
ejection fraction, previous cardiac surgery, procedure, ur-
gency of surgery, and preoperative IABP use combined to
give an AUC of 0.76 at development and 0.75 for the
ANZSCTS patients.
Another 10-variable preoperative model14 to predict the
need for postoperative dialysis after undergoing coronary
artery bypass grafting and/or valve surgery performed rela-
tively poorly for the ANZSCTS patients, although the
exclusion of NYHA class could explain that.
Two of these existing risk prediction tools for AKI
requiring dialysis have 10 risk factors, the same size as
our preoperative model for a milder definition of AKI, but
all suggestive of the need to consider quite a broad mix of
risk factors for accurate prediction in this context. Our pre-
operative model for AKI had better discrimination ability
than the existing models for RRT, although the comparisons
were hampered by missing data. The addition of peri- and
early postoperative information substantially improved the
predictive ability.
Strengths and Limitations
Some limitations should be considered for this prediction
modeling. First, the possibility remains that unmeasured
factors could have affected the outcome. For example, pro-
teinuria, which reflects structural damage to the glomeruli
or renal tubules, has been shown to be an independent
risk factor for the development of cardiac surgery-
associated AKI but was unavailable to us.27 Future studies
on cost-effective methods to screen patients before surgery
are needed. Other potentially important variables include
perioperative management variables such as drugs, transfu-
sions, and urine output.5 Second, 2 variables, the patient’s
NYHA class and the number of RBC units used during sur-
gery, were excluded because of missing data. Furthermore,
the characteristics of the hospitals at which the patients
were treated were not considered, because their inclusion
would have potentially restricted future applications and
generalization of the developed model. Finally, although
these risk prediction models performed reasonably well in
this Australian population, external validation is required
in other populations.1882 The Journal of Thoracic and Cardiovascular SurOur study had notable strengths. This was a cohort study
involving 18 hospitals and more than 28,000 cardiac sur-
geries. Compared with other studies of AKI, defined as
need for RRT, a definition of milder AKI was used in the
present study. We analyzed the data from patients who
had undergone all types of cardiac surgery, including coro-
nary artery bypass grafting and valve surgery.
CONCLUSIONS
Our study of more than 28,000 patients during an 8-year
period identified 2 separate models, 1 including the preop-
erative risk factors and the other including the pre-, peri-,
and early postoperative risk factors, to predict postoperative
AKI after Australian cardiac surgery. These models had
good discrimination and acceptable calibration on internal
validation. These risk prediction models could be useful
in identifying patients who are at high risk of postoperative
AKI and enable optimization of the pre-, peri-, and early
postoperative care. Additionally, the preoperative model
could be useful to identify suitable patients for clinical trials
of novel interventions to prevent AKI after cardiac surgery,
and the postoperative model could be useful for guiding
intensive care and for retrospective performance audits of
care of cardiac surgery patients.
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TABLE E1. Mean and range of predicted AKI probabilities in
different risk score categories using validation data set
Patients (%) Mean Range
Preoperative model
Risk score<15 43 0.02 0.01-0.06
Risk score 15 to<25 52 0.07 0.02-0.26
Risk score 25 5 0.25 0.07-0.71
Postoperative model
Risk score<15 19 0.01 0.003-0.02
Risk score 15 to<25 47 0.03 0.01-0.09
Risk score 25 to<35 27 0.09 0.03-0.29
Risk score 35 7 0.30 0.12-0.85
AKI, Acute kidney injury.
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